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A SURVEY OF PROMPT-NEUTRON LIFETIMES
IN FAST CRITICAL SYSTEMS

by

G. S. Brunson, R. N. Curran, J. M. Gasidlo, and R. J. Huber

ABSTRACT

Measurements of prompt-neutron lifetime by the Rossi-a method in more than 30 dif-
ferent critical systems are reported. Most were assembled in Argonne's Zero Power Re-
actor III (ZPR-III). The Rossi-a method, which has been described in the literature, (1,4,5)
represents a direct experimental determination of the ratio Akp/To, from which a value for
To is obtained if an estimate of Akp is available.

Our results indicate that for these assemblies, the lifetime is almost entirely gov-
erned by the uranium content of the core, and we have related our results on lifetime to an
empirical parameter:

V* = Core Volume 7 0k Core Volume

Fraction of U®® 9 \Fraction of U®®
For values of V* greater than 0.09 we obtain for all-metal assemblies
To (in shakes) ¥ 1.35 (V¥)™°% (] shake = 10~° sec)
For values of V* less than 0.10 the empirical relationship is

To (in shakes) T 0.37 (V*)-1.48

Orndoff(4) limits his development of Rossi-a theory to small single-region systems
in which there is no wide spatial variation in neutron energy. Since some of the systems we
have studied may be both large and complex by his criteria, we have done experiments to test
the range of validity of the theory. We find that in a large all-metal system, such as the
mockup for the Enrico Fermi Fast Breeder Reactor, the value obtained for alpha does not
appear to vary with the positionof the counters in the core. A more interesting result arises
from a measurement of the total coincidence probabilityas a functionof the separation of the
two counters. We find that the terminating counter was not necessarily most likely to detect
a chain-related neutron when it was closest to the initiating counter. Rather, it was most
likely to detect chain-related neutrons when it was in a position of highest flux, and, further,
this probability is, within the limits of experimental error, directly proportional to the flux
in which the terminating counter is placed.

In another assembly which had beryllium regions in the reflector it was found that the
time distribution of coincidences at the center of the core was complex but could confidently
be resolved into two decay periods:

P(t) At = CAt + Ael1X10%)t pp 4 pel-9x109t oy

where the twoamplitudes A and B werenearly equal. The larger alpha is interpreted as rep-
resenting the time behavior of chain-related neutron pairs having nointervening events in the
beryllium. The smaller alpha represents the time behavior of chain-related neutron pairs
when at least one intervening event has occurred in the beryllium. When the terminating
counter was placed in the beryllium, a single value for alpha was obtained which agreed with
the smaller value found in the core. The disappearance of the fast decay in this case sup-
ports the hypothesis that the larger alpha is associated with the core composition. Further,
an extension of Orndoff's theory gives a method of determining the reactivity of the fast sys-
tem independent of the reactivity contribution of a moderating reflector.

.



I. INTRODUCTION

Rossi-alpha measurements have been used to determine pr?mpt-
neutron lifetimes in the Argonne Fast Source Reactor 13) (AFSR), in the
Transient Reactor Test(14) (TREAT), and in a majority (more than 30) of7
all the critical systems assembled in Argonne's Zero Power Reactor III'
(ZPR-III) since its inception in late 1955. Originally, prompt-neutron life-
times were of interest primarily in hazards analyses. However, they are
now of interest as indicators of the neutron energy spectrum. The experi-
mentally measured quantity called Rossi alpha.(l"}’5 is the ratio of Akp
to the prompt neutron lifetime. At delayed critical, Ak, is equal to the
effective delayed neutron fraction and can be calculated from knowledge of
the fuel isotopes. From these two numbers the prompt-neutron lifetime
can then be obtained (7, = Akp/oc) with an accuracy of perhaps 6%.

The range of measurements covered by this report extends from a
lifetime of about 2 x 1078 in AFSR to about 1 x 10~3 sec in TREAT. The
fast systems ranged from AFSR with a core volume of a little more than
one liter of solid enriched uranium (about 21 kg net U235) to Assembly 35
in ZPR-III which had nearly 600 kg of U?® in a core volume of 435 liters.
Los Alamos and British lifetime measurements are consistent with the re-
sults reported here.

Normally, Rossi-alpha measurements are considered to involve
only the time distribution of the probability of detecting chain-related
neutrons. However, in order to examine some of the limitations of the
theory as derived by Orndoff,(4) we have extended the technique to include
the space dependence of the probability of detecting chain-related neutrons.
In addition, in a reactor with a fast core and some moderator in the re-
flector, we have been able to examine the "fine structure" of the prob-
ability and arrived at a value for the reactivity of the fast core alone,
independent of the reflector contribution.

II. THEORY

The theory has been well presented by John Orndoff,(4) and all at-
tempts to condense it having failed, we quote it verbatim with his
permission.

Theory

The theory of the so-called "Rossi-a" experiment was first
developed by Feynman, de Hoffmann, and Serber.®) The pPresentation
which follows is a single region, single group theory which is ap-
plicable to small systems in which there is no wide spatial varia-
tion of neutron spectrum.



In a multiplying system which is near critical, neutrons are
continually producing neutrons by fission, and disappearing by cap-
ture and leakage. Calling T, the mean life of a neutron including
absorption and leakage and T¢ the mean life for fission, the rate of
change of neutron population can be expressed as the difference be-
tween the neutron gain and loss terms,

dN N - VN (1)
dt To T

where 7V is the average number of neutrons produced in fission.
We are concerned only with prompt neutron behavior, hence v,
To, and T¢ are the appropriate values for prompt neutrons. We
also know that the rate of change of neutron population is the neu-
tron gain per generation divided by the neutron mean life, or

Kp -1
SN pET o N (2)
dt To
where is the usual prompt neutron reproduction factor. Com-

parison of (1) and (2) gives us a useful expression for Kp.

o S (3)

Integrating (2) gives
N = Ny el\Ep" /7ol . I S (4)

The o is used to represent over-all prompt neutron time behavior
of a system and is negative below prompt critical and positive
above [a = (Kp - l)/’ro]. The average behavior of individual neutron
chains is also described by Eq. (4).

Consider at time t = 0 that there are Ny neutrons in a
near-critical system. Then the probable number of neutrons at a
later time will be given by Eq. (4). The probable number of fissions
produced in dt at time t is

dt dt
dF = N—= Np ™t = . (5)
i T
f f
The number of resulting neutrons is dN = v dF, or
= dt
dN = INye®t — . (6)

tf



Finally, the total number of neutrons produced as a result of N

neutrons in the system at t = 0 is

5
NoK
TS .. L (7)
Tf 1 - KP

0

for K, < 1. Adding to (7) the original N, neutrons, the well-
known prompt multiplication of a chain-reacting system,
1/(1- Kp), is obtained.

We wish to investigate the distribution in time of detector
counts produced by a chain-reacting assembly. Precisely, we
would like to know the probability of a count in an interval of time
dt at a time t following a count att = 0. For a random source we
know that this probability is

Pl e idn e ((esnmin il - (8)

For a system in which neutrons originate from fission, we would
expect P(t)dt to be increased by a chain-related term. Our aim is
to obtain this chain-related probability. Let us consider the follow-
ing sequence of events. A fission occurring at ty; in time interval
dty is the closest common ancestor of detector counts at t; and t,
in dt; and dt,. We desire the following probabilities:

I. Probability of a fission at ty in dt,.

II. Probability of a count at t;, as a result of a fission
i

III. Probability of a related count at t, assuming the count
at t; has occurred.

IV. Combination of these probabilities integrated over all
time t, for occurrence of fission.

I is just
Fo dt, (9)

where Fy is the average fission rate in the system. As a conse-
quence of (6), II can be written

alty - to) dy :
Eve Tf (10)




where E is the detector efficiency in counts/fission. Similarly
III is

E(V_l)ea(tz-to)_‘iT‘Tz (11)

for that part of the required probability due to branching from the
fission at to, excluding the fork that produces the count at t;. We
will later consider the fact that the fission producing the count at

t, may itself be responsible for a count at t,. The final probability
of a count at t; and a second count at t, from a common ancestor
(not at t,) is obtained by integrating the product of I, II, and III over
all time available for to, i.e., - ® < ty < t;, and averaging over the
distribution of neutrons emitted per fission. This probability is
just EF, dt, times the probability of a second count following a
count at t;. Performing the integration for Kp o2

FoEv - 1)K§’ . alt, - t,)

EF,dt, P(t,)dt, = — dtdts .0 (12)
27%(1 - Kp)To
Reckoning time from t; = 0 and including the chance coincidence
probability gives us
Ev(v- 1)K§,
P(t)dt = Cdt + ——— e%tadt . (13)

271 - KP)TO

We must correct (13) by considering the fission producing the count
at t = 0, and the effect of its detection on the probability of a count
at t. Let us introduce 0 as the effective number of neutrons re-
sulting from this fission and detection process at t = 0. Since de-
tection may involve capture, scattering, or fission, 6 will depend
upon the type and position of detector and must be evaluated for a
particular experimental setup. The correction to (13) will at most
be a few per cent and & need not be evaluated precisely. The prob-
ability that the fission and detection process at t; will result in a
count at t; is

dt
Ebe®t — . (14)
f

Adding (14) to (13) is equivalent to replacing V(¥ - 1) with

Wv-1) + %‘LP) & in (13)

P
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Experimentally one supplies delayed coincidence channe}s
of finite width At, which should be some fraction of 'ro/gl - KP) in
order to assure good resolution of the chain decay. Strictly speak-

ing, P(t)At is the expected number of counts in an interval At ata

time t following a count at t = 0. Equation (13) has some inter-

esting implications. The delayed coincidence counting rzate is
CP(t)At. Thus, the chance coincidence rate varies as C*® while the
chain term varies as C, and there exists an optimum fission rate
for the collection of data. In a "slow" or near-thermal system
lower fission rates than for "fast" assemblies are necessary in
order to prevent overlapping of chains, and consequently higher
detector efficiency is required. The chain-related counting rate
depends only on the average number of fissions in the chains and
their repetition rate (assuming in each case that enough channels
are used to cover essentially the entire chain length), while the
random counting rate depends directly on the channel width At and
the fission rate.

Evaluation of the coefficient of the exponential term in (13)
provides a relationship between parameters associated with fission-
ing assemblies in addition to (1 - Kp)/’ro established by the @ meas-
urement. Although K, can be estimated to within a fraction of a
per cent and accurate information now exists for 7 and (¥ - 1)
at various neutron energies (2,3), the chamber efficiency E is dif-
ficult to obtain precisely. Explicit values for (1 - Kp) and T, from
Rossi-a measurements alone thus depend on the accuracy with
which E can be established.

A more general development of the theory may be found in Mathes.(25)

III. FACILITIES AND EQUIPMENT
A Z PRI

The Zero Power Reactor III in which most of these measurements
were made is shown in Fig. 1. It has been described in detail in ANL-6408
and elsewhere.(6:7) It consists of two parts which are assembled by
moving one half against the other. Each half contains a matrix of
961 square tubes (31 x 31) about 33 in. long and slightly over 2 in. in inside
dimensions. Two sets of matrix tubes are available, aluminum and stain-
less steel, the latter normally being used.

Drawers (see Fig. 2) are loaded with plates of various materials
and‘inserted in the matrix to form a critical assembly with regional com-
position as required to represent the reactor configuration being studied.
A wide variety of materials is available, and both aluminum and steel
drawers are available, the latter normally being used.



Fig. 1.

General view of ZPR-III in shutdown condition (halves apart).

Fig. 2. Typical loading of a core drawer for ZPR-III.

11
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B. Detectors

The primary consideration in the use of detectors is t}-lat of I'ukglh
sensitivity. The majority of the data reported here wv.z;'se obtamec? w%t
BloF;—filled proportional counters;* however, large U -loaded fission
counters are satisfactory in the smaller systems. As a rule of thumb, we
require sensitivities of at least 1078 counts per fission in the total system.
The preference for proportional counters is due to the fact that adequate
sensitivity can be obtained in less volume and, hence,with less perturba-
tion of the system being measured. A further advantage is .that Fhe large
signal available reduces problems associated with electronic noise.

C. Amplifiers

The amplifiers used with the time analyzers in these experiments
are not critical if two channels are used, one to start, the other to stop
the timing cycle. We customarily use a conventional type such as the
Oak Ridge A-1 in one of the many commercial versions, although we have
from time to time tried more modern, high-performance types. In gen-
eral, the older type is entirely adequate in performance, besides offering
stability and greater reliability.

D. Time Analyzers

Two different time analyzers (delayed coincidence analyzers) were
used in this work. The Argonne TA-15, a nine-channel machine having
channel widths of 1, 2 or 4 usec, was used in all but a few of the systems.
The TA-16, which has 20 channels with widths ranging from 5 to 250 usec,
was used in systems having slower decay characteristics. The detailed
operation of these analyzers is given in Appendix I.

IV. PROCEDURE

It is customary to make several runs on each assembly at varying
power levels. The neutron detectors are usually disposed near the center
of the core but generally not in adjacent drawer positions. As will appear
later, the exact position is not important for the measurement of @. For a
typical run, the reactor power must be held constant at a few milliwatts
or less, the exact value being unimportant. This is usually accomplished
by withdrawing reactivity until the reactor is slightly subcritical. The
multiplication of the spontaneous neutrons (usually from U?*® contained
in the core) is sufficient to maintain the desired power. It is important

Te:p N Wood, 1=z 24-in sensitive volume, 60 cm Hg of BIOF3. Recent
results with He® counters (e.g., Texas Nuclear Corporation, 1 x 4-in.
sensitive volume, 10 atm pressure) indicate that the latter are much
to be preferred.



that Akp be known for each run so that the value of @ may be extrapolated
to delayed critical. A further discussion of the experimental details is
given in Appendix L

We do not make use of the information contained in the zero time
intercept of the decay curve. In principle, this could be used to evaluate
Ak,, but in practice the uncertainties of determining E, the absolute
counter efficiency, make it both laborious and of dubious reliability.

V. GENERAL RESULTS IN SIMPLE SYSTEMS

A. Experimental Data

In Table I we list all the critical systems measured which

1. had only one core composition, and
2. had no moderating material in the reflector.

The tabulation includes the Rossi-alpha values for delayed critical,
the estimated effective delayed-neutron fraction (Beff), the value inferred
for the prompt-neutron lifetime, and descriptive data for each system.
The Pggf values are from calculations by Meneghetti,(lz) except for
Assemblies 12, 17, and 14, which were calculated by G. Fischer.(”)*

Figure 3 illustrates a typical system of this group. Since the
theory previously quoted "is a single region, single group theory which is
applicable to small systems in which there is no wide spatial variation of
neutron spectrum," there may be some question as to whether it is ap-
plicable to large reflected systems. In what follows, it appears reasonable
to infer that the theory is applicable to this array of critical systems. This
will be discussed further after presentation of experimental results.

The uncertainties attached to the measured alphas in Table I are
estimates of the quality and reproducibility of data based on a number of
runs. In this connection, we note that Assembly 22, studied in April 1959,
was to be a duplicate of Assembly 11 built 15 months earlier. However,

*It may appear strange that the effective P should remain so nearly con-
stant while the concentration of U?® in the core, and hence the absolute
B, is changing considerably. It is true that as more U?® is added in
the core the absolute value of P does increase with the contribution

of the larger delayed-neutron fraction in U®8. However, as more fis-
sions occur in U®8, the relative worth of delayed neutrons decreases,
since they are born with an energy less than the threshold energy for
U8 fission. These two effects very nearly cancel each other for a
wide range of uranium enrichments.

13



Table T

THE CRITICAL SYSTEMS STUDIED
Sait SEENLE RS - bt SESRARARL - e o Blanket Thickness Blanket Composition Refer o | gipjiographical | Assembl
: Neutron Lifetime (sec x 10°) Gare Measured Spectral Core Dimensions m";’_j : Figure Bil Rllec;ti;aeir)‘c; Gzz‘n;ery
Assembly | Apprximate | Measured | Estimated Effective ve | cCritical Mass | yoiume Indices - T y238 | Stintess | ajyminum | Number
Number Date Alpha | Delayed-neutron | g0 imental | Calculated | Ratio () | (Net kg UZ) | (o) Diameter | Length | 235 | 238 | SWINISSS | puminum | Carbon Other Steel
O 107 50”9 Fraction Tole) Tolc) Tole)frolc) ozatfozst | O24f/02sf (em) (cm) .
— —_— ] See Figure .
April 1956 | -8.0 % 10% 0.0073 9.1 176.9 .8 Ses e ol o See F-g A
ee Figurs
April 1956 | 7.5 + 4% 0.0073 97 15.8 159.5 615 0.074 | 056 40 | 159 123 314 o 95 e
Jan 1957 94 % 3% 0.0073 15.8 1311 102.1 0070 | 043 58.0 Sphlere 140 | 5.9 123 314 I it
Dec 1956 -17.6 + 3% 0.0068 50 4.2 5.47 0.119 0.60 See Figure 50.0 3.6 12.6 11.6 See Figure
Sept 1956 | -8.80 + 3% 00073 5.69 1.44 15.9 151.8 69.45 0051 | 043 465 408 | 117 | 380 15.0 21.6 3.6 35.3
Jan 1958 -107 + 2% 0.0073 4% 138 18.2 155.8 705 0.044 | 031 “2 459 | 118 | 57.9 19.3 3.0 3.
April 1958 937+ 2% 0.0073 15.8 138.6 52.8 0.072 | 044 206 208 | 140 | 159 1.7 304 304 304
Jan 1958 -103 + 3% 0.0073 139 7.5 205 135.2 0.0% | 030 58.0 51.0 951 | 717 9.16 305 30.5 ]
12 Feb 1958 102+ 2% 1.30 133 176.8 100.3 0.044 0.29 52.7 5.9 9.40 | 353 9.18 36.8 33.0 33.0 .
17 Feb 1958 5.20 + 4% 1.37 1.7 156.5 88.5 0.049 0.30 495 459 9.42 | 20.6 9.18 52.6 33.0 33.0 -
7] Feb 1958 398 + 3% 1.30 9.45 136.1 774 0.055 0.30 463 459 938 | 0.67 9.18 73.6 s 3.0 3.0 -
b g
2 Sept 1958 449 + 3% L17 8.20 0315 3705 0038 | 029 5 78.6 6.09 | 19.0 143 5.1 {Z, 3 See Figure
2 April 159 | -9.90 % 3% n.2 3.7 138.0 003 | 030 | 587 5.0 | 942|701 | 93 305 | 305 019 | 833 | 1.3 g 10 2
3 June1959 | -5.63+ 2% e |- 8.1 uss | o008 | o040 | 609 | 5.0 | 97| 067 [ 916 4238 30 30 019 | 83 | 73 2 o &
BA 5.90 + 2% 935 25.9 1418 595 sL0 | 927 | 067 | 916 4238 30 30 019 | 833 | 73 2 L 2
2 Sept1%9 | -8.60+ 3% 138 | 157 460.7 3308 0028 | 02 76.9 713 | 157 | 729 933 05 | 37 019 | 83 | 73 5 10,11 A
5 Nov 1959 9,00+ 2% 130 15.3 581.6 433 0029 | 02 85.2 76.3 7.12 | 74.0 9.28 305 408 0.19 | 8.3 3 5 10 5
31 Jan 1961 435+ 3% 1.27 6.82 463 424.9 0.044 0.33 920.4 66.2 581 | 9.14 | 245 35 3.0 2.5 019 | 8.3 13 5 10,11 31
30 Dec 1960 407 £ 2% 1.28 6.93 3% 356.5 0.043 | 030 82.8 6.2 5.92 | 9.06 | 246 34 Oxygen 7.2 | 30.0 30.0 0.19 | 833 3 5 10 30
2 Oct 1960 310+ 2% 135 6.08 4207 53,6 0.03 | 026 90.0 713 497 | 997 | a7 2.4 Oxygen 4.5 | 21.7 311 0.19 | 833 73 5 10 2
v March 1960 | -5.38 + 2% 0.0068 10.2 1.24 9.36 2215 1308 0.045 | 037 52.2 61.1 9.26 | 0.67 | 810 45 45 0.19 | 833 7.3 5 10 EY)
33 March 1960 | -5.45 + 2% 0.0068 9.89 1.26 9.37 238 136.8 0.048 0.37 53.4 61.1 9.27 | 0.67 63.6 Na 18.2 45 45 0.19 | 8.3 13 5 10 33
EY] April 1961 -296 + 3% 0.0073 16.9 1.46 5.82 503 574.6 0.0% | 05 92.0 86.4 467 | 103 2.6 55 10.6 £ 203 203 019 | 833 13 5 10, 11 3
a 30,
3 Oct 1961 160 £ 3% 0.00665 3.3 1.21 412 457.5 599.5 0031 | 023 913 91.6 409 | 029 | 46.2 {Fezoﬂ.l See Figure 9 1 3%
3% June 1961 936+ 3% 0.0073 5.63 1.38 14.9 22.7 137.8 0.041 | 031 9.6 713 937 | 4951 | 127 Na 18.2 3.5 35.0 0.19 | 833 73 5 1 36
a Oct1962 |4 -5.55 + 3% 0.0073 9.49 1.38 9.19 4% 4418 83.1 815 5.9 | 29.1 4.1 17.9 31.2 33.4 019 | 833 3 1 a
AFSR -365 * 3% 0.0068 78 21.1 See Figure 10 13 AFSR
JEMIMA 175 + 5% 0.0073 55 1125 ~ 0,05 384 324 | 162 |88 7.6 7.6 07 | 993 5 19 JEMIMA
TOPSY -38.2 0.0069 9% 17.4 12.1Sphere % 6 2.9 07 | 9.3 5 5 TOPSY
POPSY -22.9 0.00277 ~115 5.8 8.94 Sphere Pu 2.1 07 | 993 5 s by
23 Flatt -27.1 0.00355 ~150 5.6 84 233 =
op Sphere U 23 0.7 | 93 5 15 23 Flattop
-100 * 4% 0.0073 14.6 206 9.3
ZEUS B o ! i T I i . ’ e 4.2 534 | 125 | 19.2 5.5 13.6 ~10 04 | ~60 ~10 ~30 5 T o
. . | § 57.4 48.58 9.70 | 715 6.68 30.48 34.12 0.6 85.4 5.66 -1 3 ZEBRA 1

ZEBRA 1
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BLANKET
CORE
ASSEMBLY NO. 11
CYLINDRICAL
Core Length 50.978 cm
End Blanket Thickness 30.48 cm
Critical Mass 240.55 kg
R, = 63.58 cm
R, = 29.01 cm
Composition (v/o)
235 238 SS
Core 9.51 71.72 10.05
Blanket 0.186 83.26 7.3

Fig. 3. An example of a simple assembly; one core
composition, one blanket composition.

due to a slightly different drawer loading, Assembly 22 turned out to have
a somewhat less dense core and the critical mass was 243.7 kg as com-
pared with 240.5 kg in Assembly 11. The alpha measured with Assembly 11
was 10.3 x 10* sec™! (+3%) and in Assembly 22 was 9.90 x 10* sec™! (+3%).
These results are in good agreement, since the denser core of Assembly 11
would be expected to have a slightly larger alpha. Further, it is encour-
aging to note the interlaboratory agreement between Assembly 11 and
Zebra I (an approximate duplicate recently constructed at Winfrith Heath)
and between AFSR and TOPSY (at Los Alamos).

The basic delayed-neutron data have an uncertainty of ~4% for UZS,
We assign an uncertainty of ~5% to the values quoted for Pgfs- However,
the relative uncertainty of one B as compared with another is perhaps 3%.
The prompt-neutron lifetimes given in the table typically have an absolute
uncertainty of ~6% and an uncertainty of ~4% relative to each other.
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The discrepancy between some of these lifetimes and the prelimi-
nary values reported by Brunson 5) are due to more careful re-analysis
of experimental data and to better values of B effective.

In an effort to systematize the lifetime results, we have in Fig. 4
plotted lifetime against U* where

Oz8f
U* =|Volume Fraction us +<——0 (Volume Fraction Uzss)
25f central
. : 238 235 ¢: - :
The qu.anhty(wa/cr‘,_Sf)centr‘_jl1 is the U®® to U?’ fission ratio at the core
center.

STl i e T B B T

a0 p =

30 - =

34,

S
5% §° o4 A
o5 3"?”3 o7 ~
- ©33f23
=0 234 o2 =
- 9t 2 -~
gy 258 900? ~
47 22 B o%F —
z 9
s 6 —
Esb 1
z JEMIMA
: 4 o oTH ~
=
g3 =
a

o

AFSR, =1
© Oropsy
\ b L | | | ] R B 1) 150 |
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U= (VOLUME FRACTION U23%) *[iﬂl] (VOLUME FRACTION u238)
o2st

Fig. 4. A correlation of prompt neutron lifetimes with

Volume Fraction Oz8f

el Volume Fraction
o b

OZSf of U238

U* =

This is quite reasonable (on a one-group basis) since, from Eq. (

To = T¢ Kp/v

3),

Hence,

1
7'0"‘Tf'°<z—f )
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and

o
Z¢ «|Volume Fraction P (Af> (Volume Fraction UZ®)

25f

However, it was found that a more useful relationship (see Fig. 5)
could be obtained when lifetime was plotted against the empirical parameter:

V* = [Volume Fraction Unsjl - % [(Volume Fraction Uz:m)]

That this parameter is effective is demonstrated by the fact that its use
systematizes critical systems of widely divergent core composition and
size. For example, Assembly 32 and Assembly 41 had very similar life-
times; these are plotted near each other, although the first had only steel
and 93% enriched uranium in the core whereas the latter had almost five
times as much U?® as U®5. Similarly, Assemblies 13 and 25 had similar
lifetimes, which are plotted near each other, although they differed by a
factor of four in critical mass of U®% Assembly 13 had an effective ura-
nium enrichment of 48% whereas the enrichment of Assembly 25 was less
than 9%.

50
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b 20
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5 8 =
2 oy e JEMIMA D <1
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o
el L) leid |
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V™ = (VOLUME FRACTION U23%) + 1/9 (VOLUME FRACTION U238)
Fig. 5. A correlation of prompt neutron lifetimes with

of UPS o of U38

V* = [Volume Fraction] % ; [Volume Fraction]
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In Fig. 5 two solid trend lines intersecting at V* = 0.09 have been
drawn through the data points. The left-hand trend line corresponds to
the equation

To (in shakes) = 0.37 (V*)"1-48
and the right-hand trend line to the equation

To (in shakes) T 1.35 (V*)~0-8

B. Discussion of Specific Assemblies

1. Assembly 3

Assembly 3 was the first for which Rossi-& was measured;
the values of @ are uncertain by perhaps 10%. In view of the annular core
geometry with a light inner blanket (see Fig. 6), it is quite reasonable to
find a lifetime longer than is indicated for this core composition. This
configuration would permit neutrons to be scattered in and through the
low-density blanket with relatively less probability of fatal encounters,
thereby increasing the average lifetime.

OUTER BLANKET

ASSEMBLY NO. 3

CYLINDRICAL
Core Length 40.797 cm
End Blanket Thickness 30.48 cm CORE
Critical Mass 176.905 kg
B 60.3 cm
R, = 24.33 cm CENTRAL
B = 8.53 cm BLANKET
Composition (v/o)
2356 238 Al SS
Core 14.18 15.88 30.97 12.11
Central Blanket 0.08 39.66 24.56 Ural
Outer Blanket 0.186 83.26 2,27 .31

Fig. 6. Assembly 3 had a low density central blanket

2. Assembly 5

Assembly 5 was the second for which Rossi-a was measured.
Of all the assemblies measured, it differs the most inexplicably. A re-
calculation based on the original data has not improved the situation. A]-
though Assembly 5 had a light blanket next to the core (see Fig. 7), it
seems unlikely that this would cause so wide a discrepancy. The @ indj-
cated is estimated to have an uncertainty of at least 5%.
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HIGH DENSITY BLANKET

LOW DENSITY
(COARSE)

CORE
P e—
SOURCE
TUBE
LOW DENSITY
(FINE)
ASSEMBLY NO. 5
CYLINDRICAL
Core Length 40.64 cm
End Blanket Thickness 35.56 cm
Critical Mass 159.5 kg
R, = 62.48 cm
R; = 41.55 cm
Ry = 33.50 cm
Ry = 20.65 cm
Composition (v/o)
235 238 Al SS
Core 14.00 15.86 31.44 12.31
L.D. Blanket (Fine) 0.08 39.62 24.33 7.31
L.D. Blanket (Coarse) 0.09 41.30 25.43 7.31
H.D. Blanket 0.186 83.26 7.31 7.31

Fig. 7. Assembly 5 had a low density blanket
next to the core.

3. Assembly 7TH

Assembly 7H, a mockup of the EBR-I (Experimental Breeder
Reactor I), Mark-III Core, was a small complex system having a low-
density blanket as compared with the standard blanket density found in
most of these systems (see Figs. 8a and 8b). If, indeed, the low-density
blanket was the source of even a part of the discrepancy for Assembly 5,
it would be at least equally important in the case of this small core.

4. Assemblies 12, 17, and 14

These three assemblies fall on a line diverging from the gen-
eral trend line (see Fig. 5), which requires some explanation. These
systems were derived from Assembly 11 by substitution of increasing
amounts of graphite for depleted uranium. The drawers in Assembly 11
(see Fig. 3) were loaded with two columns of enriched uranium and
14 columns of depleted material. For Assembly 12, seven of the depleted
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columns were replaced with graphite. For Assembly 17, three more (a
total of ten) depleted columns were replaced with graphite. For As-
sembly 14, all depleted uranium was replaced by graphite. Hence, it is
entirely reasonable that this particular set of cores should diverge from
the general trend typical of all-metal systems.

STRUCTURE
PLUS 20.3cm.
i NoK +
) [
PLENUM 76cm.
i
wl
2]
=
INNER BLANKET
5 38.1cm.
3 30.5¢cm.
@
<
>
x
=
= _f
s OUTER __J
5., 'CORE 20.3cm. ‘JBLANKET [
-
S J 216
— .ocm.
INNER a
BLANKET E Slem.
iy
o]
50.8cm.
OUTER I1.4cm.
BLANKET 1
ASSEMBLY TH R
CYLINDRICAL |
Composition (v/o)
235 238 Al Ss
Core 50.0 S5 TIHE NG |
Inner Blanket QWA BN T ] 5 7 47.0cm. -
Plenum - - 1= 47.9
Cup 0.19 82.2 2.6 743 ASSEMBLY 7H
Structure + NaK - - 22.2 49.2 VERTICAL

(@) (b)

Fig. 8. Assembly 7H was an approximate mockup of EBR-I.
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Ra 50.5¢m H-RADIAL COARSE BLANKET
Rs 4564cm Ni-Ni REFLECTOR

(a) (b)

Fig. 9. Assembly 35 was a mockup of the Enrico Fermi
Fast Breeder Reactor, Core B.

5. Assembly 34

The core of Assembly 34 also contained graphite, although in
much smaller concentration than in Assemblies 12, 17, and 14. The small
amount of graphite together with the diluteness (hence soft spectrum) re-
sulted in a lifetime which does not seem to differ greatly from that ex-

pected for this particular v

6. Assemblies 23 and 23A

Core drawers for Assembly 23 were filled with 14 columns of
low-density aluminum and 2 columns of enriched uranium, the uranium
columns being separated by 8 columns (1 in.) of the aluminum. The meas-
ured lifetime was 12.1 shakes, and the critical mass was 258.1 kg af U=
After the drawer contents had been rearranged to give the configuration
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of Assembly 23A (same composition, but with the two uranium columns
together in the center of the drawer), the lifetime was measured as

11.5 shakes and the critical mass was 245.9 kg. This amounts to a retduc-
tion of ~5% both in the lifetime and in the critical mass. These two life-
times have an uncertainty relative to each other of about 2%, so that by
themselves the difference between the two lifetime values obtained is not
highly significant. However, when supported by a very significant change
in the critical mass, it is very probable that the lifetime was corres-
pondingly affected by the rearrangement of the plates. Qualitatwely,.
bringing the two columns together increases the apparent macroscopic
fission cross section seen by a fission neutron and results both in a lower
critical mass and a shorter prompt-neutron lifetime.

7. JEMIMA

JEMIMA, a Los Alamos critical assembly,(lg) consisted of a
stack of circular uranium plates (pancakes), each 38.4 cm in diameter.
The plates were alternately natural uranium, 1.5 cm thick, and 93% en-
riched uranium, 0.3 cm thick. The whole was reflected by 7.6 cm of
natural uranium. The reported Rossi-a is -1.75 x 10° + 5%.

If we estimate the effective delayed-neutron fraction as 0.0073,
then the prompt-neutron lifetime is 4.2 shakes, a value that is seen from
Fig. 5 to fall off the general trend. There are two factors which may con-
tribute to the discrepancy: first, the systems with which JEMIMA is being
compared were all reflected with much thicker blankets of somewhat lower
density. In this case, it would appear likely that neutrons entering the
blanket would either be reflected more quickly into the core or leaked
more quickly from the system, both effects tending to shorten the average
lifetime. Secondly, if inhomogeneity in so transparent a medium as low-
density aluminum is as important as indicated by the comparison of
Assemblies 23 and 23A above, the discs of enriched uranium in JEMIMA
sandwiched between the thick pieces of natural uranium would probably
show equal or greater effect. In view of both of these factors the disagree-
ment with other assemblies does not seem serious.

8. AFSR (Argonne Fast Source Reactor)

Reasonably good data were obtained with AFSR, although it
was necessary to correct for near-thermal neutrons returning to the re-
actor from the concrete biological shield. The uncertainty shown in the
horizontal coordinates is due to the fact that AFSR has structure and an
air-cooling annulus adjacent to the core (see Fig. 10). These factors
make it difficult to assign a definite V* for the core.
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Fig. 10. Argonne Fast Source Reactor (AFSR)

9o TOPSY

TOPSY, a high-density uranium metal critical assembly, has
been described many times in the literature. 4,15) The configuration of
interest here was a pseudo-sphere formed of % -in. cubes of 93% enriched
uranium inside an approximately infinite reflector of natural uranium

metal.

10. POPSY and 23 FLATTOP

POPSY and 23 FLATTOP were spherical, dense metal systems
of plutonium and U?3, each of about 6 kg of fuel with an essentially infinite
reflector of natural uranium.(15) In these two cases, V* was obtained by

calculating the volume per cent of U?*® required to give the same macro-

scopic fission cross section as the fuel.
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C. Comparison with Calculated Lifetimes

The calculated lifetimes tabulated in Table I are those of - oy
Wi G. Davey.(ls) As indicated, the ratio of experimental neut?on lee?lme
to calculated neutron lifetime averages about 1.3. Davey obtains s'1m11ar
results in comparing measured boron- 10 reactivity coef{i.cients w1t'h cal-
culated boron-10 reactivity coefficients. The similarity in these dis-
crepancies is clearly shown in Fig. 11. Since both of these parafne?ers'
reflect l/v weighting of the neutron spectrum, there is a strong indication
that calculated spectra are much too hard.
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VI. SPATIAL DEPENDENCE OF COINCIDENT PROBABILITY

The measurements made with Assembly 20 (mockup of PRDC
Enrico Fermi Core A, see Figs. 12a and 12b), in addition to those deter-
mining lifetime, were designed to answer two questions:

1. Does a vary with counter position?

2. Does the position of the terminating counter with respect to
initiating counter affect the total probability of detecting a
chain related neutron?

Referring to Fig. 13, each of the thirteen runs made is represented
by an arrow running from the location of the initiating counter to the loca-
tion of the terminating counter. The terminating counter was a bundle of
four B1°F3 proportional counters connected in parallel.



HEIGHT (Centimeters)

COARSE BLANKET (REGION 2
COARSE BLANKET (REGION 1)
MEDIUM BLANKET

FINE BLANKET

CORE
()
ASSEMBLY NO. 20 - INTERFACE VIEW
CYLINDRICAL
Core Length 76.20 cm
End Blanket Thickness (Above Core) 45.72 cm
(Below Core) 50.8 cm
Critical Mass 431.5 kg
R, = 85.5 cm
R, = 72.6 cm
Ry = 65.9 cm
R, = 47.7 cm
Rs = 39.7 cm
Composition (v/o)
235 238 Al SS Mo Zr
Coarse Blanket (2) 0.14 59.59 1.10 %31 - -
Coarse Blanket (1) 0.11 46.35 0.86 16.65 - =
Medium Blanket 0.11 48.70 13.47 21.00 - -
Fine Blanket 0.10 45.39 10.08 19.42 2.46 -
Core 6.09 18.97 25.14 14.32 5.03 4.32
82,12}
7366 7L
i
'
4328
DIMENSIONS OF ASSEMBLY NO. 20
38.20
'
—_—— —i -—l—
e 8 8 & 3
a s oIS

RADIUS (Centimeters)

Fig. 12. Assembly 20 was a mockup of the Enrico Fermi
Fast Breeder Reactor, Core A.
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The answer to the first question is that no significant difference in
alpha was observed for any of the counter arrangements. This conclusion,
however, is not valid for some mixed systems, as discussed inSection VIIIL

The second question is more interesting. The total area under the
probability curve is the probability that, if a neutron is detected by the
initiating counter, a chain-related neutron will be observed by the ter-
minating counter. In Fig. 14 we have plotted these probabilities for runs 7
through 13 as a function of the position of the terminating counter. The
relative flux of each at these positions is also shown.
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The observed ratio of probability to flux is constant within experi-
mental uncertainty as indicated by the triangles. Thus it is indicated thatthe
spatialdistribution of this probability is independent of the position of the in-
itiating counter and is proportional to the flux seen by the terminating counter.

VII. MIXED SYSTEMS

A. Assembly 42

Assembly 42 was a two-fuel region system, as shown in Figs. 15a
and 15b. Its purpose was to test the possibility of analyzing the nuclear
behavior of very dilute cores by placing a sample region of the low-
reactivity test core composition inside a "driver" annulus of greater re-
activity. In this test core the sample composition was identical with the
core composition of Assembly 34, which had already been examined in
full-scale critical systems.

OUTER BLANKET

33.1em.
9.7cm DRIVER
DRIVER e Sy
}_' 359¢m
INNER BLANKET 188 1on.
484cm| cope — B
AXIS OF
OUTER BLANKET . CYLINDER
I.3cm—=s
ASSEMBLY 42 11.0cm:
CYLINDRICAL SYMMETRY
Composition (v/o) r433cm-—
£ 33.lem.;
235 238 SS Al C
Core 50.4 11.0 22.6 25.6 12.5 _i
Filter 0,17 1:80.1 6.94 - -
Driver 9.29 6.54 28.6 - 51.3 s 7I.Icm——J
Radial Inner
Blanket 0.17  83.0 9.06 = i ONE HALF
Outer Blanket .1t 83l j - - ASSEMBLY 42
Axial Blanket 0.17 82.3 9.26 0.021 - OTHER HALF SYMMETRIC

(@) (b)

Fig. 15. Assembly 42 had two fast regions. It was designed to test the feasibility of doing experiments
on a dilute core composition surrounded by a more reactive "driver” region.
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Runs were made with three counter arrangements:

Alpha at Delayed Critical

A. Both initiating and terminating
counters at center of core

3.68 x 10% sec™?

B. Initiating counter at center of

core; terminating counter in g b
driver region 3.76 x 10° sec

4 -1
C. Reverse of B above 3.64 x 10" sec
Since the relative uncertainty in each measurement is of the order

of 3%, there is no credible divergence in the above results.

An interesting computation can be performed in this connection.
If we average the above results, we obtain a value of 3.70 x 10* for alpha
at delayed critical. Taking 0.0075 as a reasonable value 17) for Beff> wWe
obtain a lifetime

-3
e =00 L oy e 107" e

Sil)es

However, if we ignore all the experimental results with this assembly, we
can estimate the lifetime by use of information from Fig. 5. From fission
rate profiles for U?5 and U?%, which are reported sepa.rately,(26 we have
estimated that the relative importance of the two regions is 1:1 within,
say, 10%. This takes into account the fact that 140 kg of fuel in the central
region see a higher flux and occupy a position of greater importance than
the 240 kg of U®® in the driver region.

From previous results the lifetime for the core composition of
Assembly 34 is 24.7 x 1078 sec. We can with somewhat less assurance
estimate the characteristic lifetime in the driver composition. We note
in Fig. 5 that Assembly 12 with ~37 v/o graphite has a lifetime 16%greater
than the predicted lifetime of an all-metal assembly having the same V*.
Assembly 17 with ~53 v/o graphite has a lifetime 35% greater than a cor-
responding all-metal system. The driver region has ~47 v/o graphite,
and we obtain by hopeful interpolation an estimate that the lifetime of this
composition will fall 25% above that of an all-metal assembly of the same
V*. The V* here is 0.089 for which we read an all-metal lifetime of
11.8 x 1078 sec. Applying the 25% correction estimated above, we obtain
a lifetime of 14.7 x 107% sec.

If we average these two lifetimes on a 1:1 basis as discussed above,
we obtain

(24.7 + 14.7)

7 R e A s e



Although this result is fortuitous in the extreme, it supports the previous
finding of no apparent difference in a with counter position. Neutrons
travel so freely from one region to the other that the regions are in-
extricably linked, and the overall behavior is what might reasonably be
expected from consideration of their individual compositions.

B. Assemblies 19 and 40

Assemblies 19 and 40 differed from the other systems reported in
that they contained beryllium in the reflector. For these assemblies, the
probability of observing a second count following an initial detection was

space-dependent and notdescribed by Eq. (13). If the neutron detectors were

located in the central core region, the probability contained two greatly dif-
ferent decay periods, i.e., twovalues of Rossi-a. If the timing cycle was
stopped by aneutrondetection in the beryllium, only the longer decay was
seen.

The larger a (faster decay) is interpreted as representing the time
behavior of chain-related neutron pairs which have no intervening links in
the beryllium reflector, i.e., it is the a representative of the core compo-
sition. The smaller o (longer decay) is characteristic of the time behavior
of chain-related neutrons when at least one intervening event has occurred
in the beryllium.

Assembly 19 (see Figs. 16a and 16b) has been described elsewhere
in detail.(9) The compositions of the various regionsare given in Table II.
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Fig. 16. Assembly 19 was a coupled fast-thermal power breeder critical experiment. The beryllium
o in the reflector results in the appearance of two different values of Rossi-a.
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Table II

REGIONAL COMPOSITION VOLUME FRACTION
OF ASSEMBLY 19

Region e e E Aluminum Beryllium
Fast Core 0.140 0.159 0.414 -
Natural Uranium
Inner Blanket 0.003 0.394 ()2l -
Beryllium - - 0.073 0.835
Depleted Uranium
Low-density Blanket 0.0008 02397 0.316 -
Depleted Uranium
High-density Blanket 0.0019 0.833 0.073 -

Three counter arrangements were used: a single (B!°F;) counter
located about % of the way out in the natural uranium blanket, a single
(BmF3) counter about 3 in. out into the beryllium, and finally a two-counter
arrangement with the initiating (fission) counter in the center of the core
and the terminating counter (B!°F;) in the beryllium. The TA-16 time
analyzer (see Appendix I) was used to measure the longer decay period.
Due to the long decay time and substantial spontaneous source in the o=t
all these runs had to be made with the reactor considerably subcritical.
However, the results when extrapolated to delayed critical were in quite
reasonable agreement. The decay constant (smaller Rossi-a) at delayed
critical was -490 + 30 sec™!.

Similar analysis of the prompt-neutron decay constant in the fast
region was performed with the TA-15 time analyzer. This was a difficult
measurement because the fast region was by itself far subcritical. A
crude measurement of this subcriticality was made by inserting a few
cadmium strips between the beryllium and natural uranium blanket. This
effectively stopped the returning thermal neutrons and caused a loss in
reactivity. The loss in reactivity was then extrapolated to the loss that
would have been observed if cadmium has been placed around the whole
outer surface of the natural uranium blanket. This loss was considered
to be the reactivity contribution of the beryllium, and the remaining reac-
tivity was assigned to the fast system. In this manner a reactivity of
~0.96 was obtained for the fast system.
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At this level of reactivity, prompt neutronchains contain fewer neu-
trons by a factor of about 7 than at delayed critical. Since the effective-
ness of analysis varies as the square of the chain population (each chain
must be detected twice), it was difficult to obtain good data. In addition, it
was necessary to subtract the previously measured longer decay period as-
sociated with the berylliumregion. The result was Qg = 3.75 % 0.25 x
105 sec~!. The composite chain behavior as observed at the center of
Assembly 19 was

P(t)dt = 0.9 e~ (3715 % 1090t g 4 0. 490t gt

The zero time intercept has been normalized to unity.

From the Rossi alpha cited above, namely, (3.75 +0.25)x 10° sec”?,
we can estimate the prompt-neutron lifetime in the core region. If the
region is at K = 0.96, then Kp =0.953 and AKp = 1 - Kp = 0.047. Further,

To = OKp/a = 12.5 x 107° sec

This lifetime is considerably different from what might be expected. The
implication of Fig. 5 is that in a fast system the volume fraction of ura-
nium is the governing factor. The core had the same composition as the
cores of Assemblies 6F and 13, and therefore would be expected to have a
lifetime of ~8-9 x 10~2 sec. The source of this discrepancy is not readily
apparent, but neither of the experimental values used to determine the
lifetime is good. It might be argued that the method of determining the
beryllium contribution to reactivity is at fault and that the beryllium also
scatters back epicadmium neutrons which are not detected in the meas-
urement as described above. However, if this were the case the reactivity
contributions of the beryllium would be larger, the AKp for the core would
be larger, and the resulting estimate of the lifetime still further from the
expected value.

If, on the basis of greater statistical importance, the smaller alpha
(longer period) is taken as characteristic of the overall behavior, we ob-
tain an estimated prompt-neutron lifetime of

AKp  0.0074

S = = ~15 x 1078 sec ,

T =

which is in moderate agreement with the values given by Avery(9):
12.3 x 10”% sec measured by the 1/v absorber method and 12.7 x 1076 to
14 x 10~¢ for various multigroup calculations.

C. Assembly 40

As in Assembly 19, two different values were observed for the
Rossi-a in Assembly 40 (see Fig. 17 and Table 111).(27)
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Fig. 17. Assembly 40 was similar to 19 in having
beryllium in the blanket and having two
different values for Rossi- a.
Table III
VOLUME FRACTIONS FOR ASSEMBLY 40
Volume Fractions
Material
Zone I | Zone II | Zone III | Zone IV | Zone V | Zone VI | Zone VII | Zone VIII

1075 0.280 0.002
ol 0.020 0.833
Stainless Steel | 0.103 0.312 0.093 0.092 0.090 0.214 0.093 0.686
Sodium 0.390 0.761
Aluminum 0.101 0:l52 0.085
Molybdenum 0.057 0.254
Niobium 0.261
Graphite 0.136
Beryllium 0.831 0.260
Oxygen 0.143
Void 0.099 0.241 0.076 0.073 0.101 0.025 0.822 0.314




Typical combined results (for counters at center of the core) from
both analyzers are shown in Fig. 18. The measured values of Rossi-a,
averaged from several runs, give a coincident probability

4. 3
Plt)at = 0.96 e W X0t g; 4 0.86 ¢ %W X W g

where the two amplitudes are only relative numbers.
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Fig. 18. Combined plot of time analyzer
results for Assembly 40.

A supplementary measurement was made with the terminating
counter in the beryllium reflector. In this configuration, the terminating
neutron must almost certainly be related to the initiating neutron of the
coincident pair through events occurring in the beryllium. This time, a
single value for alpha was obtained, agreeing with the smaller of the two
values previously measured. The disappearance of the fast decay in this
experiment supports the hypothesis that the larger alpha is associated
with core composition.

The greater statistical weight of the slower decay scheme makes it
reasonable to assign it as an approximate weighted average behavior to the
reactor as a whole. This then gives an estimated lifetime of

B 0.0068
To = —

¥ise! = 7.6 x 1077 sec
@ 8.96 x 10°
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VIII. PARTITION OF REACTIVITY IN TWO-REGION SYSTEMS

On the scales of time and power on which Rossi-alpha measure-
ments are made, the flux of a reactor can be considered a randor.n time
distribution of rapidly decaying prompt-neutron chains. The cha?ns a?-e
initiated by delayed or spontaneous source neutrons. Aseachchain quickly
decays, it leaves "seed" in the form of delayed-neutron precursors from
which spring other prompt chains.

Carrying this concept one step further, we can consider the flux
in mixed assemblies such as 19 and 40 to consist of chains of subchains of
neutrons. A subchain of neutrons occurring entirely within the fast re-
gion will decay very quickly because of the short lifetime associated with
the region and the large amount by which the region is subcritical. Each
of these subchains leaves "seed" in the form of neutrons which diffuse
into the beryllium and return later to start other subchains. This "fine
structure" in the decay chains is evident from the decay probability for
Assembly 40 (see Fig. 18).

Experimentally, data falling along the faster decay corresponds to
the detection of two neutrons from the same subchain; data falling along
the slow decay corresponds to the detection of neutrons from different
subchains belonging to the same chain.

Modification of Eq. (13) to include both decays and setting
(1 -Kp) = LK, and T, = AKP/OL leads to

Ev(v-1) (Kpo)z n

P(t)dt = Cdt + = :
2o (AKPO)

a
o &= dt

B (BT (R it
TS e o (15)
2 7¥(AKpe)?

where the subscript "o" applies to the overall decay characteristics and
subscript "c" applies to the core region. Also,

(Kpo) Ct‘O
ML) A

(AKpe)?

where the A's are the coefficients of the exponential terms, respectively.
This ratio is readily obtainable from the data although the absolute values
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are not. Solving,

(Kpc)(AKpo) af A
e VA o

and, substituting Kpc = 1 - (AKPC),

Koo
(AKpe) = +1 : (18)

a'c (o]
(8Kpo) A /Trc

This equation gives (AKpo), the amount by which the core region is
subcritical.

Applying this to the rather crude results available from Assem-
bly 19, we obtain for the core region (AKpc) = 6.5%. Then the reactivity
of the core region (referred to delayed critical) is (Kc) = 1 - (AKpe) +
Beff = 0.942, as compared with 0.96 cited earlier. The value of 0.96 was
known to be crude and believed to be too large because the measurement
did not account for the contribution of epicadmium neutrons to the re-
activity of the system.

A similar calculation for Assembly 40 gives (AKpc) = 2.38%, from
which the reactivity of the fast system is about 0.983.

IX. ROSSI-a MEASUREMENTS IN TREAT

In 1959, when TREAT was first brought critical and before it had
been operated at significant power, the lifetime was measured by the
Rossi-a method. This was accomplished with the TA-16 analyzer which
had been modified to operate in Mode III (i.e., accept multiple pulses in a
single time channel at a single pass).

TREAT (see Fig. 19) has been described in the literature.(14)
Briefly, it is composed of U»5_impregnated graphite (atomic ratio 1:10%)
reflected by graphite. At the time of these measurements, the 4-in.-
square fuel elements, containing a 4-ft fuel section with 2 ft of graphite
reflector top and bottom, were loaded to an effective diameter of 53.6 in.

The alpha was 8.1 % 5% sec~! extrapolated to delayed critical. The
effective delayed-neutron fraction was estimated as 0.072, which leads to
an estimate of the lifetime of 8.8 x 10™* + 6% sec. This was a difficult
measurement and probably represents the approximate limit of applica-
bility of the technique. Experience at Brookhaven National Laboratory(ZI)
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supports this conclusion. The long lifetime and corresponding.ly long fis-
sion chains require a very low power level for an acceptable signal-to-
noise ratio. It was necessary to operate the reactor in the vicinity of

one dollar subcritical in order to reduce the chain overlap to a reasonable
value. This in turn leads to a rather long extrapolation to correct the
observation to delayed critical.

CUNCRETEBPLLEUGS
FILTER BOX ENUM
ROTATING STEEL INEETIR
SHIELDING PLUG
ROTATING PL
BEARING .
e & . TESTS 2 ] core
TLECR Sochs HOLE e - . LATTICE .
(IN "UP" POSITION) =l SR P
~ ] Ry A
5: Y Top ||l SOREAY
sk b & s REFLECTOR ez | _PERMANENT
swELoep FLEVENTS . . . * - T REFLECTOR
SHIELDEL " _ il T .| (GRaPHITE)
oucT F\3= 3 - (It <
ACCESS oy i
HOLE s
| o
= . HEAVY : L
concreTE 77 AT PAS0 - AR GaPs
= || SHIELD -, 7~ P\, 1 %
/ BOTTOM .
3 . L \\REFLECTOR  *
T0 FANS " SUPPORT gl P ouTLET
8 STACK 3
PLATE PLENUM S
7 : EQUIPMENT
INSTRUMENT ¥ ROOM
HOLES |
CONTROL SUB-PILE
ROD DRIVES ROOM
DOWN up

Fig. 19. TREAT had by far the longest prompt
neutron lifetime of those reported here.

Despite the difficulties inherent in this experiment, it is encour-
aging to note the agreement between our values for the lifetime and the
results obtained by other means.(14)

Measured
Method Lifetime
Rossi alpha 8.8 x 107* + 6%
Oscillator 0.0 % 0 2
Excursion 9.0 x 107* £ ¢

X. CONCLUSIONS

1. The theory as presented is applicable to reflected systems
having a single core composition. The results of measurements with As-
sembly 20 indicate that the lifetime can be measured without ambiguity.
It is evident from Fig. 5 that core composition (specifically, uranium
density and enrichment) is the governing parameter and that the influence
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of the reflector becomes less with increasing core size. Thus, these are
effectively one-region systems, and the method should apply even better
to larger uranium systems.

2. The measurement can be accomplished over a very large range
of lifetimes. Results given here range from ~2 x 10 ®to ~l x 107° sec.
However, the calculations given in Appendix III indicate that in a plutonium
system (or any system with a large spontaneous neutron source) the meas-
urement gives doubtful results when the spontaneous source exceeds
& -é— neutron per neutron lifetime. If the spontaneous source exceeds this
level, a pulsed neutron source is required to measure lifetimes effectively.

3. It should be possible by means of Fig. 5 to predict prompt-
neutron lifetimes in a wide range of reflected all-metal uranium systems
provided there is no moderating material present. Twenty-two of the 28

all-metal uranium systems plotted in Fig. 5 fall within * 10% of the trend
lines. The equations of these lines are given in Section V.

4. Measured lifetimes are consistently larger than calculated
lifetimes. The ratio of experimental to calculated lifetimes is about 1.3
in all cases, and the boron-10 reactivity coefficients show a similar dis-
crepancy. From this evidence, Davey(ls) infers that spectra he calculates
are too hard.

5. An adaptation of the Rossi-alpha method makes it possible to
determine the reactivity of the core region of a two-spectrum system.
This may be of considerable interest in connection with space reactors
whose weight limitations may dictate a fast core with a light reflector
(e.g., beryllium).

6. Although the Rossi-alpha measurement is primarily an ex-
amination of the time behavior of prompt-neutron chains, it can also be
used to determine spatial characteristics of chains. We have demon-
strated the technique in Assembly 20, and propose a further application
in Appendix IV.
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APPENDIX 1
DESCRIPTION OF TIME ANALYZERS USED

A. Short Span Time Analyzer (TA-15)

The TA-15 is a nine-channel, delayed-coincidence analyzer adapted
to operation with either one or two inputs. Channel width is 1, 2, or 4 usec.

The description of the operation of the TA-15 will be made with the
following initial conditions (refer to Fig. 20): operator options set to dual
input and 1- usec channel width, all flip-flops reset, SCALE OF TEN
(Block 9) reset, CONTROL GATE (5) and all OUTPUT GATES (10) closed.

[ 3 5 6| 7 8|
A A CONTROL SHAPING IuSEC | SCALE ADORE!
INPUT ™ TP [gnae FF. 7 o ) - A omvER
ouAL L 2pusEC e -
RESET
OUTPUTS
9
o |
7
RESET
© OUTPUT (EXCESS) e ScALE
or T
TEN ouTPuT
oven- — ane :
r 18] 17) woloR GATE
i o RESET RESET - :
DELAY Te e ! :
i
C |
[ 10 '
ouTPUT °
DELAY AND
GATE
9 SPADE OUTPUT
&
LOOK f LOOK PULSE
™

Fig. 20. The TA-15 time analyzer was used to obtain most
of the results reported here

An input pulse occurs at the A INPUT, where it is shaped by the
A TRIGGER PAIR (1) and used to set the CONTROL FLIP-FLOP (3). The
CONTROL FLIP-FLOP (3) as it is set provides an output which opens the
CONTROL GATE (5). This allows 1-Mc oscillations from the OSCILLATOR
(4) to feed to the SHAPING TRIGGER PAIR (6) which puts out a train of
properly shaped pulses with 1-usec spacing. This pulse train feeds the
ADDRESS DRIVER FLIP-FLOP (8) whose outputs advance the SCALE OF
TEN (9) (an MO-10R Burroughs beam-switching tube) one position for each
pulse to the address driver. Outputs from the SCALE OF TEN (9) open the
OUTPUT AND GATE (10) corresponding to the SCALE OF TEN (9) position.
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If at some later time a pulse arrives at the B INPUT, it is shaped i
by the B TRIGGER PAIR (2) and resets the CONTROL FLIP-FLOP (3). Thig
stops the flow of timing pulses to the ADDRESS DRIVER FLIP-FLOP (8).
The SCALE OF TEN (9) is now resting on a position which corresponds to
time spacing between the pulse events on the A and B inputs.

As it is reset, the CONTROL FLIP-FLOP (3) provides a p.ulse'
through the OR circuit (13) to the LOOK TRIGGER PAIR (14). This trigger
pair generates a LOOK pulse which is fed to all the OUTPUT AND GATES (10)
and appears on the output corresponding to the open OUTPUT AND GATE
(10) designated by the final position of SCALE OF TEN (9). This feeds a
single pulse to the scaler tallying that particular time channel.

The output of the LOOK TRIGGER PAIR (14) is delayed in DELAY (15)
and fed to a TRIGGER PAIR (16), whose output drives two RESET TRIGGER
PAIRS (17). One resets the SCALE OF TEN (9) while the other resets the
SCALE OF TWO FLIP-FLOP (7) and the ADDRESS DRIVER FLIP-FLOP (8).
The analyzer is now ready to accept another input on A which will start a
new cycle.

In the event that no input occurs at B during the 9 usec following the
pulse on the A INPUT, an EXCESS pulse is generated and the unit resets
to await a new initiating pulse on the A INPUT. The EXCESS pulse is ob-
tained by anticipating the end of a cycle; an output is taken from the 9 posi-
tion of the SCALE OF TEN (9), delayed (11), and used to trigger the
OVERCOUNT TRIGGER PAIR (12). The OVERCOUNT TRIGGER PAIR (12)
provides an EXCESS pulse, resets the CONTROL FLIP-FLOP (3), and,
through the OR circuit (13) and the LOOK TRIGGER PAIR (14), resets the
SCALE OF TWO (7) and the SCALE OF TEN (9).

The window width may be doubled by inserting the SCALE OF
TWO (7) which halves the frequency of the pulse train. A single detector
may be used to drive the TA-15 through input A, if the input selector switch
is set to that position.

From the description of the TA-15, it is clear that the "stop-watch"
mode of operation results in more inspections (opportunities for counts) in
the early channels. For example, if, during a particular cycle, a count is
observed in the ith channel, the machine resets and the subsequent channels
are ignored. This small but significant bias is easily compensated. We
simply normalize all channel data to the probability of a count during a single
inspection. Working backward we can see that an inspection of channel 9
results in either a count in channel 9 or an EXCESS count; thus the single-
scan probability for a count in channel 9 is simply c9/(c9 + XS), where cg
is the total number of counts registered in channel 9 and XS (EXCESS) is
the total number of scans which resulted in no coincident count. By similar



reasoning, we see that the single-scan probability in channel 8 is
cg/(cg + cg + XS), since an inspection of channel 8 can result in any of the
three outcomes indicated in the denominator. By extension,

9
P(j) = Cj/(Z. cj + xs) : (19)

i=j

If from this overall observed probability we subtract CAt channel by channel,
we obtain the exponentially decaying probability of detecting chain-related
neutrons corresponding to the right-hand termin Eq.(13). This is plotted on
semilog graph paper so that the logarithmic slope (o) can be obtained.

B. Long Span Time Analyzer (TA-16)

The TA-16 is described for a dual input. The initial conditions are:
all flip-flops reset, SCALE OF TWENTY reset to 0, Gate (8) open and all
other gates closed. Refer to Fig. 21.
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Eigh Al Tie TA-16 time analyzer was used to measure
longer decay periods

An initiating pulse arrives at the A INPUT where it is shaped by
the A TRIGGER PAIR (1). The output of the A TRIGGER PAIR (1) sets the
CONTROL FLIP-FLOP (3) which, in turn, opens the CONTROL GATE 5],
The open CONTROL GATE (5) allows a flow of clock pulses from the
OSCILLATORX* (4) to the SHAPING TRIGGER PAIR (6). The output of the
SHAPING TRIGGER PAIR (6) is fed to two gates: GATE (7) which is closed,
and GATE (8) which is open.

*Frequencies available correspond to channel widths of 5 to 250 usec.
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This first clock pulse from the SHAPING TRIGGER PAIR (6) feeds through
the open GATE (8) and sets the RECORD FLIP-FLOP (9). In the set con-
dition the RECORD FLIP-FLOP (9) closes GATE (8) and opens GATEAT);
this allows all succeeding clock pulses to reach the SCALE OF TWO FLIP-
FLOP (10). The clock frequency is scaled down by a factor of 2 by the
SCALE OF TWO FLIP-FLOP (10) and its output fed to the ADDRESS
DRIVER FLIP-FLOP (11), which advances to the SCALE OF TWENTY (12)
one channel for each input pulse opening in sequence the OUTPUT GATES
(13). The SCALE OF TWENTY (12) consists of an MO-10R ten-position
beam-switching tube and a scale of two.

An event occurring on the B INPUT is shaped by the B TRIGGER
PAIR (2) and fed through the open RECORD GATE (14). (The RECORD
GATE (14) was opened by the RECORD FLIP-FLOP (9) at the beginning of
the timing cycle.) The output of the RECORD GATE (14) sets the STROBE
FLIP-FLOP (15), whose output opens AND GATE (19). At the end of a
channel period a pulse is taken from the SCALE OF TWO FLIP-FLOP (10)
and fed through the open AND GATE (19) to the STROBE TRIGGER PAIR (16).
The STROBE TRIGGER PAIR (16) generates a pulse which is fed through
the STROBE CATHODE FOLLOWER (17), then to all the output AND
GATES (13), and passes through the open OUTPUT AND GATE (13) cor-
responding to the open channel as determined by the SCALE OF TWENTY
(12). The STROBE TRIGGER PAIR (16) also generates a reset pulse which
is fed to the STROBE FLIP-FLOP (15) to ready it for the next channel. At
the end of 20 channels, AND GATE (18) is opened by a signal from the
SCALE OF TWENTY (12). A pulse from the SCALE OF TWO FLIP-FLOP
(10) is fed through the open AND GATE (18) to the STOP TRIGGER PAIR
(20). The output of the STOP TRIGGER PAIR (20) resets the RECORD
FLIP-FLOP (9) and the CONTROL FLIP-FLOP (3); this resets the analyzer
which will start a new cycle of 20 channels with the next pulse on the A
INPUT. The TA-16 differs from the TA-15 in that every cycle passes
through all channels and any number of channels may each accept one pulse
during a given timing cycle.

The analysis is somewhat simpler than with the TA-15, since all
channels are examined the same number of times and

G
Bl .
Number of Timing Cycles
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APPENDIX II

SOME CONSIDERATIONS IN LOGICAL DESIGN
OF TIME ANALYZERS

For convenience we have classified time analyzers according to
their internal logic.

Mode I (stopwatch operation) is typified by the TA-15 described
in Appendix I. The timing starts with the first input and stops at the sec-
ond. The time channels subsequent to the one at which the cycle stops are
not scanned. This leads to a simple bias which can be corrected by the
method indicated in Appendix I.

o 8
P(j)=Cj/<Z ci+xs> . (19)

i=)

where P(j) is the single sweep probability of a coincidence in Channel j, Cj
is the total count indicated in channel i, XS is indicated number of cycles
during which no coincident count was detected, and n is the total number
of channels.

Ideally, a Mode I analyzer would have provision for single or double
input and five monitor scalers:

Gross Input A Net Input A
Gross Input B Net Input B
Excess

Gross A and Gross B are the total number of pulses arriving at the two
inputs respectively during a run. Net A is the number of A pulses which
arrive during the ready state of the analyzer and actually initiate a timing
cycle. Net B is the number of B counts arriving during a timing cycle and
actually cause channel counts. Excess is the number of timing cycles dur-
ing which no coincidence was observed. Analyzer performance can be
verified as follows:

n

Net A = 2 C; + XS (all cycles must end somewhere) 3
i=1

Net B

n
ZCi

1=1

Gross B count rate is used to determine the random coincidence probability.
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For single-channel operation Gross A is used to determine random
probability. Net A is used as above and, depending on internal switching,
Net B could still be used as a check against 2 Cj.

The following Mode I characteristics should be noted:

1. Only one bit of data can be obtained per cycle. If the decay is
relatively slow, say a <10* sec™!, and counter efficiency is only moderate,

)

then the rate of data acquisition will be inconveniently low.

2. For short time scales, the unambiguous either-one-channel-or-
the-next results are desirable, since fuzzy channel boundaries might intro-
duce uncertainties large with respect to channel width.

3. Precise Mode I logic is electronically obtainable at the time
scales required for most of the studies reported here. Indeed, the con-
ventional time-to-pulse-height converter used for measuring very short
time intervals operates in Mode I.

Mode II is typified by the TA-16. It differs from Mode I in that:
1. Every timing cycle runs full scale before the analyzer resets.

2. A number of coincident counts can be observed in a single
cycle but only one per channel per cycle.

Provision for single or double inputs is desirable. Monitoring dif-

n

fers somewhat since XS = Net A. As before, Net B = z Ci, and Gross B
i=1

is used to determine the random probability.

Mode II permits a greater rate of data acquisition for slower decay
periods, but at the expense of less precision in channel boundaries. How-
ever, since the channels can be much wider for these time scales, the im-
precision in boundaries is less critical.

Mode III is the same as Mode II except that there is no fundamental
limitation on the number of coincident pulses which can be recorded per
channel per cycle. Monitoring is the same as for Mode II. During our
measurements in TREAT the TA-16 was modified to operate in this mode.

Our experience indicates that there is no advantage in having a
very large number of channels. There is only a certain amount of informa-
tion to be obtained from a timing cycle, and the number of channels does not



affect this. The only way to make more information available is to increase
the absolute counter efficiency. The TA-15 has 9 effective channels and the
TA-16 has 20. Based on experience with these two machines, we propose to
build an improved model with 15 (2* -1) channels with binary (rather than
decimal) address. We will, however, endeavor to obtain a wide range of
time scales. For narrow channels (At= 10 ysec), logic will be Mode I. For
wider channels, logic will be Mode III.
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APPENDIX III

SOME CONSIDERATIONS IN PERFORMING A
ROSSI-ALPHA MEASUREMENT

It seems useful to set down a few "rules of thumb."

Consider Eq. (13):

= v(v-l)sz) at

P T AL

B(t)de = Cdt + ke o negative . (20)

p) To

Substituting
AKp = (1-Kp)
and
o = AKP/TO
21) B2
Ev(v-1) Kja

2 72 (AKP')Z

P(t)dt = Cdt + Qe (21)

Beginning with the detection of an initiating neutron, the total prob-
ability of detecting a second neutron is

® — e T
[ P(t) dt = CT + e 100 {eat] : (22)

A AT (AKP)2 .

where T is the span of the analyzer.

All systems studied have a built-in source, spontaneous or cosmic,
plus an available startup source over which there is some control. Let us
define an "effective source strength" S; such that the fission rate is given by

So

"R - peid v 3

FR

Note that 1/(AKP - Peff) is the simple multiplication of the system.

Since E, the absolute counter.efficlency. is defined relative to total
fissions, the count rate C is simply E - FR, and Eqgs. (20) and (22) can be
written as follows:
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at
ES EQK3 e
P(t)dt = St P L (24)
(AKp - Petf)? AKp T
where (Kp)z =1, Let
== VZ_-ZI = 0.4 for U?*, U?*?, and Pu?*® (see Ref. 3)
]
and
T o~ ES,T EQ oT
f P(t)dt = — +—[1-e . (25)
0 (AKP - Besf)V AK-p

We now consider the problem of the large spontaneous source found
in a plutonium system. Note that the last terminEq. (25) is the total co-
herent probability normalized to a single scan. We obtain (1 - e’!) = 63%
of the total information available from a single sweep if the span T of the
analyzer is -l/OL seconds and (1 - e~2) = 86% of the total information if
b = -Z/OL seconds.

Consider the signal-to-noise ratio S/N (coherent count to random
count) in the last channel under the assumption that it is not very effective
to make measurements more than $1 (i.e., Beff) subcritical and that the
span of the analyzer is adjusted to T = -1/& seconds.

From Eq. (24), at T = ;—l ;

e 2y 0.4 x 0.368
Ry B 5 —_—
s/N = AKp To > Peff To  _ 0.074V (26)
- So - So - ToSo

(OKp - Beffl?  (2Pesf -~ Peff)?

or
AR
= - £ 235 :
So _’_7—05 N or U
~ .22 239
So = ToS/N for Pu
In other words, for the condition specified (T = -l/a and

AK, = 2 Bggf), @ source Sy of about 1/5 neutron per neutron lifetime will
yiefd an S/N of unity in the channel at T = -l/a.
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Consider the EBR-I, Mark IV (plutonium) loading. The estimated
lifetime is ~4 x 1078 sec, so the just tolerable Sp £ 5 x 10° n/sec. The
actual loading of ~30 kg at 50 n/sec/g yields a source of 1.50 x 108 n/sec.
Thus, it would seem that Rossi-alpha in this core might be measured ef-
fectively. By contrast, a plutonium loading in EBR-II might be 150 kg and
have a prompt neutron lifetime of ~8 x 10"8 sec. The tolerable

0.2 6
By = 2 he N L0 n s en )
RS /

whereas the actual source for plutonium (5% Pu?*?) would be about

7.5 x 10° n/sec, and there is little hope of performing an effective experi-
ment in EBR-II or any larger reactor loaded with plutonium. Note that
plutonium with a 5% Pu?*? fraction is "clean" compared with the material
which is expected to be used in future fast reactors.

We note that the S, previously defined is not identical with the dis-
tributed source furnished by the spontaneous fission of Pu?*? throughout the
fuel material. The two sources differ in distribution; the actual source is
uniformly distributed, whereas the fictitious S, should be flux-shaped. They
are similar in both being of fission energy. It seems reasonable to equate
the two for the purpose of these approximate calculations.

The measurement of alpha in large plutonium assemblies can be ac-
complished by means of a pulsed neutron source. The time analyzer scan
is triggered simultaneously with the source. The advantage is this: in the
conventional Rossi-alpha measurement, it is necessary to detect a neutron
belonging to same chain as the one which initiated the analyzer cycle; with
a pulsed source there are a great many chains initiated at once, and a neu-
tron from any of those chains can furnish a valid signal.

One of the conditions specified in arriving at the tolerable S, for a
reactor was that we would prefer not to go more than $1 (i.e., /.\K/K - ﬁeff)
below delayed critical. As will be shown, this condition is very reasonable.
Recall Eq. (25):

5 g

T 3 ES,T EQ o
0/ P(t)dt = (AKP = Pord? + (AKP)Z l-e :l . (27)

0
For whatever time span T we set on the analyzer, the overall S/N ratio is
EQ &
== eat :
(AKp)* |7
%p o - s/N . (28)
ES,T
(AKp - Beff) v
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- aT ., ~ . ot
For valuesof T > a™}, 1 -e is relatively insensitive to changes

in AK_, and we can effectively maximize S/N with respect to OKy if we max-
imize the simple expression
F(AKp) = (AKp - Pegs)/AKp . (29)
Thus
ZIATE: -
ddAF" = 12 s Sl R
3
Kp AKE, AKS,
and
LK, = 20Ky - 2 Peff
Therefore,
OKp = 2 Begr - G

In other words we maximize S/N at $2 below prompt critical or $1 below
delayed critical. However, alpha is normally adjusted to delayed critical
for comparison with calculations, and it is desirable, if feasible, to operate
nearer to that point in order to shorten the extrapolation. In addition, the
rate of data acquisition usually becomes inconveniently low when a run is
made far subcritical. For example, suppose that a is measured at $1 sub
(delay) critical (A = $2) and then it is desired to measure it again at
$2 subcritical (A = $3). An inspection of Eq. (25) indicates that the
available information per sweep is reduced by 4/9 of that in the first run
(at - $1) and, since the power level is reduced by a factor of 2 (simple
multiplication), the rate of data acquisition will be reduced by a factor of
more than 4.
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APPENDIX IV

PROPOSED EXPERIMENT TO UTILIZE SPATIAL PROBABILITIES IN
DETERMINING THE INTERCOMMUNICATION
BETWEEN TWO CHAIN-REACTING MASSES

i Mihalczo(zo) has reported an experiment in which a system
composed of two identical bare slabs (8 in. x 10 in. x varying thickness)
of enriched uranium are made critical by bringing one toward the other.
He has measured alpha as a function of separation distance for various
critical systems. He found that alpha at first decreased with increasing
slab spacing (systems with larger separation were made critical by in-
creasing slab thickness), and this was attributed to the fact that the time
required for a neutron to cross the gap was comparable with a neutron
lifetime. The time spent in the gap was added to the normal life expect-
ancy of the neutron making the trip and hence raised the overall average
lifetime. However, when the gap exceeded about 4 in., larger values were
measured for alpha. This was interpreted to mean that for larger gaps
the reduced solid angles soon resulted in fewer neutrons successfully
crossing from one slab to the other, and the lifetimes of neutrons whose
whole path lay in one slab began to dominate the average.

It would be interesting (and perhaps useful in developing safety
criteria) to perform an experiment (see Fig. 22) as follows:

1. For each slab spacing, make a Rossi-alpha run using A to
initiate and B to terminate the timing cycle.

2. Repeat using A and B' (B and B' symmetric).

3. Integrate the area under the two curves to obtain the total
probabilities of detecting a chain-related neutron at B and B' having first
detected a neutron at A. Call these two probabilities P and P', and examine
the ratio P'/P as a function of gap.

P(/\ V\_/\
¢/—\ /\_/\ Fig. 22

—_——— Scheme of an experiment to
measure the interdependence
of two masses of uranium by
using the Rossi-a equipment
to measure the total chain co-
ad ad . incident probability as a func-
tion of position

SMALL LARGE
GAP GAP
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An analysis of the experiment can be made as follows:

1. The system is composed of two identical slabs which singly have
a prompt reactivity represented by AKp. When brought near each other so
that the whole system is at, or just below, delayed critical, the overall
prompt reactivity is AKPO.

2. By symmetry counters B and B' are exposed to the same flux
and, hence, their efficiencies E and E' are proportional to their count rates.
Define E as the probability that B will detect a neutron born in S, and E' as
the probability that B' will detect a neutron born in S'.

3. Starting with a single fission in S, the ¥ neutrons formed under-
go multiplication in S yielding V/AKP neutrons.

4. Let F be the probability that a neutron born in S causes a fis-
sion in S'. Then there will be Fv/AKp fissions caused in S' resulting after
multiplication in sz/(AKp)z neutrons. By symmetry, these neutrons have
the same probability F of causing fissions in S, adding lef’/(AKp)3 neutrons
to the original V/A Kp neutron in S.

5. It can readily be seen that, after many reflections, the number
of neutrons formed in S can be expressed as a convergent geometric series:

(v I F"vs...> _L<1+F_‘_+ ﬂ,)
3 5 - 2 A
AKp (AKP) (BKp) LK, (Axp) (: Kp)
v 1
= — [ 31
8Ky |, sz2> 3 (31)
" (6Kp)*

and the number of neutrons counted in that chain is

v 1
. AKp ; e
T Bk

(32)

The above expression is proportional to the area under the coinci-
dent curve when the analyzer is initiated by A and terminated by B.
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Similarly, the total number of chain related neutrons in S' is

Ky +_Piﬁ+_F5_u6_6... _szz L, (33)
) &
(BKp)* T (BKp)T T (GKp) Ok, Ev
CK )
P
This gives
g EL L (34)
2
o 1-§sz
P

coincident counts when the timing cycle is terminated by B'.

The ratio of the area under the two coincident curves is

Ff
E|
2
Pl AKp _ Area A' ; (35)
P E -2 " Area A :
i,
¥ 1 1
FEC T e Y e Fv:AE . (36)
A EAKp AKP AE'

Going backtothe Eq.(3l),1/AKp is the prompt multiplication due to one slab,
whereas

1 i 1

ol e & 3
AK BEpA AK (37)
P\l - oK, -
(CKp)
is the prompt multiplication of the whole system.
Rearranging and substituting from Eq. (36), we have
AK AK
AK, = E_— - Lo (38)
p | P22 (A' E) $
B AE'

and all quantities on the right-hand side have been experimentally
determined.
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APPENDIX V

POSSIBLE EXPERIMENT TO DETERMINE WORTH
OF FISSION NEUTRONS

In principle, the following (probably marginal) experiment might
be performed. In the upper part of Fig. 23a, the dotted line represents
the unperturbed decay of an average prompt-neutron chain. If the chain
is detected with a fission counter at some time (which is 0 on the analyzer
time scale), the chain at that instant experiences a step increase in popu-
lation of (v - 1) neutrons, and the probability of subsequent detection of the
chain is enhanced, as indicated by the upper solid line. On the other hand,
if the initial detection is by means of a BF3; chamber, the chain experiences
at that instant a loss of one neutron and subsequent detection probabilities
are reduced, as shown by the lower solid line. This difference in detection
probabilities is considered in Eq. (14), which leads to:

EK’ SNl
P(t)dt = Cdt + ___p— 'U('L/ - 1) + _(P(_-E) o} eat dt . (39)
27(1 - K)o P

The second term in the bracket is the correction due to the nature of the
initial detection, and § is the number of neutrons resulting from the detec-
tion weighted for importance for position and energy. For initial detec-
tion by a BF; counter, § = 0. For initial detection by a fission counter,

& = DW, where W is a weighting factor dependent on energy and position.

Suppose we do an experiment as follows:

A. 1. Place a BF; counter at B, (see Fig. 23b), a fission counter
in a symmetric position F,, and a terminating counter (nature not critical)
at- L.

2. Make a Rossi-alpha run using F, to initiate and T to termi-
nate, which would result in data which are indicated by the line F, in
Fig. 23a.

3. Repeat, using B, to initiate and T to terminate, resulting
in a set of data indicated by line B,;.

4, AP,, the difference between these lines, is a measure of
the worth of the ¥ neutrons injected by the fission counter at the instant of
detection and at the radius of F, (or B,).
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B. Move the two initiating counters to positions F; and B, (see
Fig. 23b),leaving T as before. Repeat the above procedure, obtaining data
represented by the two lines F, and B, in Fig. 23a. AP, is a measure of
the worth of the same v neutrons injected at the radius of F, (or B,).

C. Repeat for as many radii as are of interest, in each case ob-
taining a AP; which is proportional to the worth of v fission neutrons at

radius R;.

LOG OF POPULATION
OF PROMPT NEUTRON CHAIN

|
|
|
|

[} o
ZERO TIME ON
ANALYZER TIME SCALE

® @6

B & OO

P(1) At=ne® At

BLANKET

(a) (b)

Fig. 23. Scheme of an experiment to measure
the worth of fission neutrons

Rewriting the coefficient of the exponential in Eq. (39), we have

v—_<v_1)[l+< 252 >(1-Kp)é e
v(v- 1)/ 7Kp : (

The term in parentheses is very nearly 2.5 for Ut g et phet [see
Eq. (24) et seq.], so that (40) (for U**) is approximately

1 -K
P '
I:I i Kp é} . (41)
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Thus,

APi‘Z K péi=.'ljwi

Wi is the relative worth of fission neutrons at radius R;.

At delayed critical AP; would be of the order of 2% near the core
center and at greater radii the AP; would decrease. However, inspecting
Eq. (41), we see that within limits it would be possible to go well sub-
critical (using a neutron source, if necessary, to get enough chains) and
greatly increase the marginal probability being observed. For example,
at $4 subcritical, AP; would be of the order of 10%.



APPENDIX VI

COMMENTS ON CALIBRATION OF CONTROL RODS BY
ROSSI-ALPHA OR PULSED TECHNIQUES

As the theory stands, we should be able to calibrate control rods
by applying these techniques, and some use is being made of the method.
If the average time behavior of a prompt-neutron chain is described by

eat:eK_l—_l

To

(22)

then (see Fig. 24) the system is prompt critical when a = 0 (ikel Kp = 5

Fig. 24

Illustrating the effect of
changes in neutron lifetime
when control rods are cali-
brated by means of a pulsed
neutron source or Rossi-a
technique.

DELAYED PROMPT
CRITICAL CRITICAL

If we determine @, for the system at delayed critical, we have a
reactivity yardstick which can now be applied to control rods.

Assume we move a control rod so that reactivity is reduced by an
amount AK, and remeasure a. From the figure we obtain

IO SRR (42)
STEERI e Sk

or

OL1
AK, (in $) =<—- 1) :

%o
the value of that particular increment of control rod motion.

We have tried repeatedly to reverse the sequence described above
and the results are puzzling. Briefly, we have measured a for a number
of subcritical reactivities, the reactivity having been determined for each
measurement by control rods. The control rods would in each case have
been previously calibrated by the conventional positive period-inhour curve
technique. Although the Rossi-a data are generally erratic due to poor



statistics at lower reactivities, they tend strongly to fall below the predicted
line, as indicated by the circles in Fig. 24. When extrapolated to @ = 0, the
indicated value of the dollar is substantially larger than is calculated from
delayed-neutron data. In contrast, Los Alamos has obtained from such
extrapolations on small, dense metal systems dollar values consistent with
those from delayed-neutron calculations. The following may serve to ex-
plain a part of the discrepancy.

The extrapolation assumes that mean neutron lifetime is constant
which is not strictly true.

Let

Vp Z¢ p Zf

P g e R (43)

where 2, 3¢, and % are core macroscopic cross sections for fission,
parasitic capture, and leakage, respectively. Also,

B4 E, + By = 5
T %1/t - (44)

Assume Iy to be constant and consider the following:

OK K
L P i : 45
AKp B—-Z—CAZC+5§TA21 ] (45)
T,
AKp = P £ Z.+ AZ) (46)
2o
AZ, = AZ_+ A3, (47)
A% /3
o/ % =15 (48)

AKP: KP Zf constant

Similarly

1
To = C Z_o
where C is some constant. Also

=3
ATy = C — A3, B
3
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To/To dbget (49)
83,/2,

This last statement is true for any increments of Z¢, 2, and Z1. Mul-
tiplying, we find

To Kp

In other words, if is reduced 1% by the addition of an ideal, distributed
poison, then the prompt-neutron lifetime is also reduced by 1%.

N AK
id s (50)

Now let us examine the effect on lifetime when reactivity is con-
trolled by addition or subtraction of fuel only, i.e., only Zf is allowed to
change.

LK, = Bﬁ, REdiv=; (51)
aZf y
2f
i o Z0
AKp = —5- A (52)
and
AK /K Zg
it 1-— . (53)

If the reactor is near critical

AKp/K
AP 1 .
RE5s ~ ]—/; ; Z. and Z) constant . (54)

A similar calculation yields, for the near critical reactor,

82/, :.__1__ > 2 . and Z, constant (55)
AZg/2g T vp = . :
Dividing,
AKy/K
#O;Zi_’ =k il ¥ (56)
Substituting
83, ww (57)
5 5T

% To



and rearranging, we find

Fityze il 1 LKp
TR (TN vp) Kp

In other words, if is reduced 1% by subtracting ideally a distributed
fraction of the fuel, the mean prompt-neutron lifetime will be increased
by ~0.6% (for U%® system). The Los Alamos experiments were performed
on small, very dense systems in which subcritical reactivities were ob-
tained by withdrawing fuel. This small shift in lifetime might easily be
masked by experimental uncertainty.

(58)

By contrast, control in a typical assembly in ZPR-III is achieved
by withdrawing drawers of core material. Thus, to go 1% subcritical, we
actually withdraw more fuel than the amount corresponding to -1% AK/K
in order to offset the positive effect of withdrawing the absorber also
contained in the control drawer. The net effect on reactivity caused by
control rod withdrawal is the algebraic sum of two opposing effects, while
the concomitant effect on neutron lifetime is the sum of two effects in the
same direction. Thus,

A"'o/"'o
AK;; Kp

in general is not zero and may well be greater than unity. In essence, this
type of control rod calibration depends on determining Aa/AK. But,

K =1
o= B
To
and
- S _Kp_-_l .A_Tg (59)
iRy 7 T2 BKg
Tt X1 Nt (60)

=_1_|:1 _Kp-1 ATO/To:l ' (61)

Kp AK;; Kp

The term in parenthesis can have either sign, depending on method of con-
trol. Consequently, there can be a small ambiguity in measuring Aa/AK_
This would be aggravated in ZPR-III where both fuel and poison are con-
tained in the control rods.

Stribel(24) has considered the effect of changing neutron lifetime
<+ m-o-ai-n measurements in thermal reactors.

59
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APPENDIX VII
FORTRAN PROGRAM FOR ANALYZING ROSSI-ALPHA DATA

A program to calculate the "Rossi-alpha" from the time-analyzer
data was written for the IBM 1620. In the program, it is assumed that the
data can properly be described by a single exponential curve superimposed
on a random distribution. The program calculates the two parameters
necessary to describe the exponential. This is done by a weighted least-
squares fit of a straight line to the logarithm of the number of counts after
subtracting background. The program is written specifically for the TA-15
time analyzer.

The data are obtained from the experimental equipment and read
into the computer as is. The data points [C(J) in the program] are first
corrected for random background and for the varying number of channel
inspections. This produces points P(J), to which an expression of the
form ae~% is to be fit. A weighting factor(28) W(J) is also calculated for
each point. A straight line is fit to the logarithms of P(J). To do this con-
sider the following:

P = ae™ ;

log P = log a - at

log P = (PLN)
program notation.
loga- A

Then
PLN = A - at
For a least-squares fit, we wish to minimize the value of DZ, where
1 2

D* = z A - at; - (PLN); | W,

$ 1
1=1

Straightforward manipulations yield two linear equations which the
parameters o and A must satisfy:

I I I
AY Wi-o) W = Z (PLN),W; (63)

1=1 1=1 =1
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I I
A i Wi - o Z £EW; = z (PLN);t.W; . (64)

i=1 1=1 =1

In the notation used in the program, the coefficients are named

as follows:

100

102

1
Z Wi = SW
i=1

1
¥ tiw; = STTW

I
2 tW; = STW
i=1 i

2 (PLN);t;W; = SLTW
I i=1
2 (PLN);W; = SLW

i=1

The two linear equations may now be written as
A(SW) + a(-STW) = SLW

A(STW) + a(-STTW) = SLTW

The values of A and @ may be calculated by use of determinants.

lSLW -STW

A _ISLTW -STTW| _SLW * STTW + SLTW * STW
SW CSTW TSW * STTW + STW * STW
STW  -STTW
lsw SLW

_|sTw__ sLTW | _ SW *SLTW - STW * SLW

@ =isw _STW | -SW *STTW + STW * STW

\STW _STTW

The program uses these equations to solve for A and a.
FORTRAN Program for IBM 1620

ROSSI-ALPHA LEAST SQUARES FIT PROGRAM
DIMENSION C(10),P(10),W(10),PLN(10),CINSP(10)
READI100,NASSY,NRUN

FORMAT(14,14)

READI102, WIDTH,TIME,REACT,B,EXCES, 1
FORMAT(5F13.0.14)

BACK=(B*WIDTH)/TIME

DO201J=1,1,5



201 READI101,C(J),C(J+1),C(J+2),C(J+3),C(T+4)
101 FORMAT (5F13.0)

K=1

CINSP(K)=EXCES

202 K=K-1
CINSP(K)=C(K)+CINSP(K+1)
IF(K-1)203,203,202

203 DO204J=1,1
P(J)=(C(J)- BACK*CINSP(J))*(EXCES)/CINSP(J)
W(J)=C(J)*C(J)/(C(J)+BACK*EXCES)

204 PLN(J)=LOG(P(J))

SW=0.0

STW=0.0

SLW=0.0

STTW=0.0

SLTW=0.0

T=0.0

DO205J=1,1
T=T+WIDTH
SW=SW+W(J)
STW=STW+T*W(J)
SLW=SLW+PLN(J)*W(J)
STTW=STTW+T*T*W(J)

205 SLTW=SLTW+T*PLN(J)*W(J)
IF(SENSE SWITCH 1)206,207

206 PRINT 103,SW,STW,SLW,STTW,SLTW

103 FORMAT(5E14.0)

207 A=(-SLW*STTW+STW*SLTW)/(-SW*STTW+STW*STW)
ALPHA=(SW*SLTW-SLW*STW)/(-SW*STTW+STW*STW)
Z=EXP(A)

PRINT 104,NASSY,NRUN

104 FORMAT(5HASSY=,14,7H RUN=,14/)
PRINT 105,ALPHA,Z,REACT

105 FORMAT(6HALPHA=,E10.4,5H Z=,F8.0,9H REACT=F8.1///)
GO TO 1
END

Input Data
The input must be in the following form:
First Card; assembly number and run number, in format (14,14).
Second Card; channel width in microseconds, total running time

in seconds, assembly reactivity, total counts in channel B, total counts in

overcount channel (excess) and number of channels used. The format must
be 5F13.0, 14,

Remaining Cards; five channels per card, punched in for-
mat 5F13.0. The cards must be arranged according to the channel numbering.
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12,

le s
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